One of the most challenging issues in laser driven inertial confinement fusion (ICF) is the suppression of laser-plasma instabilities (LPI) when intense laser transmits through a surrounding plasma [1] [2] [3] . The key to solving this problem is decoherence of high coherent diver laser to reduce instabilities caused by nonlinear processes [4, 5] , such as self-focusing, stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS) and crossed-beam energy transfer (CBET) [6] [7] [8] . At present, beam smoothing techniques, which reduce the temporal coherence (such as SSD, PS) [9] [10] [11] [12] and spatial coherence (such as RPP, CPP, ISI, LA) [13] [14] [15] [16] of laser, are the main solution and have been widely used in laser-fusion facilities around the world [17] [18] [19] [20] . In general, the bandwidth of laser for ICF imposed by modulator is about 100 GHz, loosely speaking, an instantaneous frequency that varies periodically in tim [21] . These factors severely limit the smoothing speed and smoothing effect of laser beam. Plenty of experiments and analyses indicate that, the adverse effects of LPI under fusion conditions are difficult to effectively overcome using current beam smoothing techniques [22] [23] [24] . A more straightforward solution is using broadband low-temporal-coherent laser sources (∆ν/ν > 1%) for ignition [4, [25] [26] [27] . These laser sources have much broader bandwidth, more plenty spectrum components, and much lower coherence for achieving a better smoothing effect. This method is expected to alleviate the LPI problem that has plagued the fusion field for many years. For the LPI, shorter laser wavelengths can also improve the coupling efficiency of the laser-plasma and reduce harmful processes. Currently, most Nd:glass laser fusion facilities operate at the third harmonic (351 nm). However, laser damages caused by ultraviolet severely limit the facility output ability and greatly increase the operation cost [28] . In addition, the narrow acceptance bandwidth of existing third harmonic generation method restricts the effect of the current beam smoothing technologies. The low-coherent second harmonic driver will greatly alleviate or even solve the above problems [29] . Hence, frequency conversion techniques for broadband low-temporal-coherent laser may open the door to use the second-harmonic (SH) laser for ignition [30, 31] .
Frequency conversion is a fundamental issue in nonlinear optics. The typical applications are the second harmonic generation and sum-frequency generation of the narrow-band coherent laser in ICF, which have a conversion efficiency up to 80%. With the development of ultrashort pulses, frequency conversion of broadband coherent pulses (chirped pulse and compressed pulse) has been widely studied. The greatest difficulty is satisfying the phase matching (PM) condition and the group-velocity matching (GVM) condition simultaneously, 3 which determine the conversion efficiency and spectral bandwidth of nonlinear process [32] .
The multi-crystal scheme [33] , angular spectral dispersion (ASD) method [34, 35] and partially deuterated KDP crystal (DKDP) [36] are respectively developed for second harmonic generation (SHG) of broadband coherent pulses. The highest SH conversion efficiency (η) has been achieved is 75% under an extremely high intensity about 380 GW/cm 2 [37] , and the bandwidth (∆λ) about 3 nm is achieved. For broadband coherent pulses, achieving high-efficiency harmonic conversion under normal condition(∼GW/cm 2 ) is still a challenge.
Recently, SHG of low-coherent pulse has attracted considerable interest. Some exploration researches about the theory [38, 39] and experiment [40] on SHG of low-spatial-coherent pulses are carried out, and the conversion efficiency has been achieved is about 35% with divergence of 3.5 mrad [41] . However, the researches for SHG of low-temporal-coherent pulses are relatively insufficient, and the physical mechanism is still not conclusive. There are three primary questions waiting to be answered: (1) What is the essential difference between the low-temporal-coherence frequency conversion processes and the coherent processes? (2) How to achieve a high-efficiency low-temporal-coherence frequency conversion? (3) What are the coherence characteristics of the generated harmonic wave?
In this Letter, we study the physical mechanism of the low-temporal-coherent SHG process based on the instantaneous broadband characteristic, firstly. The difference from the coherent processes is clarified from the perspective of statistical optics, and the distribution of SH power spectral density (PSD) is theoretically predicted (that it is a self-convolution of the fundamental wave PSD). Furthermore, we propose and experimentally demonstrate a method for realizing low-temporal-coherent broadband SHG with a conversion efficiency up to 70%. The characteristics of SH wave and fundamental wave (FW) are compared and analyzed. Through the analysis of spectral evolution characteristics, which is consistent with the theoretical prediction by the model proposed in this paper, the physical mechanism is further verified. Our research has great significance for the study of low-temporal-coherence nonlinear optical processes.
RESULTS
Statistical analyses of the SHG process of low-temporal-coherent pulse. For simplicity, the low-temporal-coherent pulses discussed here, unless otherwise specified, are (1), (3) and (4) are the degenerate second harmonic processes at different frequency; (2) denotes the sum-frequency process of two FW photons with different energy. It can be inferred that, SH photons with the same wavelength are generated by both degenerate second harmonic process and different sum-frequency processes. The distribution of SH spectrum is determined by the spectrum and statistical characteristics of FW. To analyze the SHG process of low-temporal-coherent pulse, statistical optics is introduced to calculate the intensity of SH wave. Under the condition of perfect matching, the complex amplitude of the SH can be calculated as E 2ω = √ ηE 2 ω /|E ω |, where E ω is the complex amplitude of the FW and η is the conversion efficiency. So the temporal autocorrelation function of SH is:
where t and t are two moments within the pulse duration, τ ≡ t − t and the symbol · represents an average for infinite time. According to the Wiener-Khinchin theorem, the power spectral density (PSD) is the Fourier transform of the temporal autocorrelation function, so that the PSD of SH can be derived from Eq. (1):
The frequency-domain electric field E ω (ν) = I ω (ν) exp[iφ(ν)] is the Fourier transform of E ω (t). I ω (ν) and φ(ν) is the PSD and spectral phase of FW, respectively. For different source, E ω (ν) has different statistical characteristics resulting in different spectral types.
For the instantaneous broadband source, its amplitude and spectral phase are statistically independent, and the phase is evenly distributed in [−π, π]. After a simple derivation, we can get the relationship between the PSD of SH and that of the FW:
From Eq. (3), the PSD of SH is proportional to the self-convolution of the PSD of FW.
It is different from the coherent SHG process, in which the electric field spectrum of SH is proportional to the self-convolution of that of FW.
Experimental results and analyses. For an experimental demonstration, a superluminescent diode (SLD) pulse source amplified by a Nd:phosphate glass rod laser system was chosen as the pumped laser. The time-domain waveform and spectral distribution of this kind of pulse is independent [42] , which presents instantaneous broadband characteristic as show in Fig. 1(d) . The spatial profile of the beam is nearly a 12th-order super-Gaussian with a size of 42 mm×42 mm. It delivers a intensity up to 0.75 GW/cm 2 within a 3 ns pulse duration. The output spectral width is up to 10.2 nm with a center wavelength at 1057 nm.
The coherent time is about 318 fs measured in experiments, far less than the pulse duration, demonstrating that the pulse has low temporal coherence. Moreover, the measurements of near-field and far-field profiles indicate that the light source has good spatial coherence.
After a nonlinear crystal, three dichroic mirrors (M1-M3) were set to separate the SH wave and the residual FW, as shown in Fig. 2 . The energy of SH was measured by an energy meter. The spectrometer behind the M1 is utilized to detect the spectrum of FW and SH.
Behind M2, the leaked SH wave was split into two beams, which were focused by lens L1
and L2 for the detection of far-field profile and temporal waveform, respectively.
For simultaneously satisfying the PM and GVM conditions, a 15% DKDP crystal with a cutting angle θ = 41
• for type-I phase-matching was utilized, which center wavelength of 2.9 nm (3.1 THz). To the best of our knowledge, this is the broadest bandwidth of lowtemporal-coherent SH pulse. In addition, the spectrum distribution in Fig. 3(b) shows that the spectrum of SH proportional to the self-convolution of that of the FW, which is in well agreement with our theoretical prediction indicated above. Figure 3(c) shows the relationship of the SH conversion efficiency versus FW energy. The conversion efficiency was calculated by dividing the SH energy by the incident FW energy (sampling measured before the nonlinear crystal, not shown in Fig. 2 ) with compensated for the energy lost by the three dichroic mirrors (∼ 3%). In our experiments, the highest conversion efficiency achieved by 15% DKDP crystal was 70%. To the best of our knowledge, this is the highest conversion efficiency of low-temporal-coherent SHG. For comparison, a type-I phase-matching KDP crystal (θ = 40
• ) with the same size of 15% DKDP was utilized to repeat the experiments. The acceptance bandwidth of KDP crystal is 2 nm. The highest conversion efficiency of it is about 55%, significantly smaller than that of 15% DKDP crystal.
The curves in Fig. 3 Theoretically, at the conventional power density of high power laser facility for ICF (3∼4 GW/cm 2 ), it can achieve a conversion efficiency about 80%, which is almost the same with the highest conversion efficiency on narrowband coherent laser facility. The conversion efficiency is a pivotal parameter for some applications, especially ICF, which decides the highest available driver energy.
Experimentally, the temporal coherence length of the FW and SH was measured by a
Michelson interferometer, and the result was shown in Fig. 3(d) . Theoretically, the contrast function Γ(τ ) is the module of the temporal autocorrelation function γ 2ω (τ ). From Eq. 2, it can derive that Γ(τ ) = | −1 {I 2ω (ν)}|. The spectrum of SH has a triangular distribution in our experiment, so that the contrast function is in the form of sinc 2 (∆ντ ), where ∆ν is the FWHM of the SH spectrum. Similarly, the contrast function of FW is in the form of sinc(∆ν 1 τ ), where ∆ν 1 is the FWHM of the FW spectrum. The relationship of the visibility of fringe pattern versus the optical path difference is well in agreement with the theoretical prediction. The coherence time of SH is 300 fs, which is approximate to that of the FW (318 fs). It is far less than the pulse duration shown in Fig. 3(a) , demonstrating that the 8 SHG process has little effect on the low coherent characteristic. Far field focusing characteristics of FW and SH are shown in Fig. 4 . For SH wave, more than 70% of the energy is in the range of 1.7 times the diffraction limit (DL), and more than 95% energy is in the range of 3.7 times DL, which is slightly degraded compared to that of the FW. It shows that, the low-temporal-coherent pulse utilized in experiments is spatial coherent, satisfying assumptions of the model in this paper. After the conversion process, the SH pulse holds an excellent far-field performance, which presents a good focusing capability required by a lot of applications.
The evolutions of SH spectrum. To further verify our theoretical inference on the physical mechanism of the low-temporal-coherent nonlinear frequency conversion processes, the evolutions of spectral characteristics were investigated. We designed the spectrum distribution of FW with a bimodal structure with center wavelengths of 1052 nm and 1060 nm, respectively, as shown in Fig. 5(a) . Also, its waveform was square in the time domain. The theoretical self-convolution of FW spectrum is shown in Fig. 5(b) , which has three peaks with center wavelengths of 526 nm, 528 nm and 530 nm. At the angle of 0 µrad, corresponding to the retracing-point of phase-matching, the spectrum of SH has similar shape with the theoretically prediction in Fig. 5(b) , which confirms the self-convolution relationship described in Eq. (3). Although the frequency components of FW are lacking around 1056 nm, the SH has a spectrum peak at 528 nm. It verified that in the low-temporal-coherent SHG process, the harmonic waves are produced by not only the degenerate second harmonic process but also crossed sum-frequency processes.
The physical mechanism proposed in this paper is demonstrated.
Moreover, in experiment, the acceptance bandwidth provided by a nonlinear crystal is not infinite, which is equivalent to a filtering process. We verified this filtering process by adjusting the crystal angles to change the center wavelength of the phase matching.
Since the acceptance bandwidth of the KDP crystal is narrow, the filtering effect is more obvious than that of the 15% DKDP crystal. The phase matching angle is monotonic for wavelength. Varying with the incident angles, the peak of SH spectrum is shifted. The above experimental results not only demonstrate our theoretical analysis, but also predict a broader-band SHG by modulating the spectrum of fundamental wave.
DISCUSSION
We revealed the novel physical mechanism of low-temporal-coherent SHG process based on the instantaneous broadband characteristic. The essential difference with harmonic processes of coherent light is that the spectral components of SH are produced by both the degenerate SHG and the crossed sum-frequency processes, and the convolution relationship is between the PSD of SH and FW, not the electric field spectrum. The method of high-efficiency low-temporal-coherent SHG with broadband was proposed. The conversion efficiency in our experiment was up to 70% (at 0.75 GW/cm 2 ), and the bandwidth is 3.1
THz (2.9 nm). The low-temporal coherence characteristric was kept during the nonlinear process. Moreover, the PSD evaluation relationship during the SHG process was demonstrated experimentally, which is consistent with theoretical prediction. The analyses in this paper will also applicable to third-and even higher-order harmonic conversion processes of low-temporal-coherent light. Our research will have a further impact on the study of nonlinear optical process of low-coherence light.
